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Aurein 1.2 is an antimicrobial peptide from the skin secretion of an Australian frog. In previous 
experimental work, we reported a differential action of aurein 1.2 on two probiotic strains 
Lactobacillus delbrueckii subsp. Bulgaricus (CIDCA331) and Lactobacillus delbrueckii subsp. 
Lactis (CIDCA133). The differences found were attributed to the bilayer compositions. Cell 
cultures and CIDCA331-derived liposomes showed higher susceptibility than the ones derived 
from the CIDCA133 strain, leading to content leakage and structural disruption. Here, we used 
Molecular Dynamics simulations to explore these systems at atomistic level. We hypothesize 
that if the antimicrobial peptides organized themselves to form a pore, it will be more stable in 
membranes that emulate the CIDCA331 strain than in those of the CIDCA133 strain. To test this 
hypothesis, we simulated pre-assembled aurein 1.2 pores embedded into bilayer models that 
emulate the two probiotic strains. It was found that the general behavior of the systems depends 
on the composition of the membrane rather than the pre-assemble system characteristics. Overall, 
it was observed that aurein 1.2 pores are more stable in the CIDCA331 model membranes. This 
fact coincides with the high susceptibility of this strain against antimicrobial peptide. In contrast, 
in the case of the CIDCA133 model membranes, peptides migrate to the water-lipid interphase, 
the pore shrinks and the transport of water through the pore is reduced. The tendency of 
glycolipids to make hydrogen bonds with peptides destabilize the pore structures. This feature is 
observed to a lesser extent in CIDCA 331 due to the presence of anionic lipids. Glycolipid 
transverse diffusion (flip-flop) between monolayers occurs in the pore surface region in all the 
cases considered. These findings expand our understanding of the antimicrobial peptide 
resistance properties of probiotic strains.
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The study of factors that affect the viability of probiotic cells is of particular interest in food 
and health sciences. Probiotics are living bacteria cells that confer health benefits to their host.1
In humans, the intestinal tract hosts a plethora of probiotics that exert beneficial effects on our 
digestive and immune systems.2 Lactobacillus delbrueckii subsp. Lactis (CIDCA133), which is 
able to counteract the action of pathogenic microorganims3–6, protect intestinal mucose7 or 
stimulate phagocytosis8 is among this type of bacteria. CIDCA133 in vitro experiments have 
shown its resistance to cationic extracts of cultured human enterocytes and to antimicrobial 
peptides (AMPs) such as beta-defensins, present in the gastrointestinal tract.
AMPs are molecules found in virtually all domains of life. They have activity against a wide 
variety of biological membranes, and they are important components of innate immunity in 
vertebrate and invertebrate systems. They display remarkable structural and functional diversity 
with the ability to either kill microbial pathogens directly or act indirectly by modulating the host 
defense systems.9–11 The overall mechanism of action described for most of the AMPs is based 
on their interaction with plasmatic membranes, where they can alter the physical integrity of the 
bacterial cell membrane at different degrees.12–16 However, other ways of action of AMPs are 
reported in the literature, many of which affect membrane-associated biosynthesis or the 
interaction with intracellular targets 17,18
Generally, AMPs are short cationic peptides (<40 aminoacids), with a net charge ranging from 
+1 to +9.12,19 They adopt alpha-helix, beta-strand, loop or extended conformations, and they are 
classified into four categories according to their secondary structure.12 The first group 
encompasses peptides that in solution display random coil conformations but they reorganize in 
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alpha-helical structures when they interact with lipid bilayers. Aurein 1.2, with sequence 
GLFDIIKKIAESF-NH2, belongs to this category and it is found in the skin of the Australian 
Tree Frogs20. It has a net positive charge and an overall hydrophobic moment of μH=6.77 in the 
Wimley-White interfacial hydrophobicity scale21, calculated with the Totalizer module of the 
Membrane Protein Explorer software22. In its wild-type form, the C-terminus of aurein 1.2 is 
amidated by post-translational modification20, which is a feature with relevance to its biological 
activity as it facilitates the interactions of the peptide with the lipid membrane23. The 
amphipathic character of aurein 1.2 is documented by circular dichroism (CD) experiments that 
have shown that aurein 1.2 adopts either an alpha-helical or random-coil conformation 
depending on whether it is in membrane or aqueous environment24.
The mechanisms of action of aurein 1.2 are not entirely understood, and previous 
computational and experimental studies described different behavior of the peptide depending on 
the concentration and bilayer composition. It has been reported that the peptide can alter the 
target bilayer superficially, by interacting with lipid headgroups25 and pulling out anionic 
lipids26; inducing reversible curvature in the membrane27; or promoting lateral segregation of 
anionic lipids, and thus, leading to membrane defects28. These surface effects of aurein 1.2 on 
bilayers could be concomitant with membrane leakage, which hinders the biological function of 
the membrane, and alters the cell viability28. The interaction of the peptide with the membrane 
surface can also result in a carpet-based mechanism triggered by a certain peptide concentration 
threshold that depends on the membrane composition23,29,30. Our previous computational studies 
of the ways of action of aurein 1.2 reported its capability to form pore structures21,31. In this 
respect, during evolution, prokaryotic cells have developed strategies to counteract antimicrobial 
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activity, and the bacterial response to antibiotic aggression is the prime example of bacterial 
adaptation, and the pinnacle of evolution. One of these strategies relies on the composition of the 
cell membrane, which dictates the peptide-lipid interaction.32–34 It is exhaustively reported that 
some bacteria reduce their net surface charge, tempering the electrostatic interactions between 
the peptide and the cell membrane.32–35 There are other properties of the bilayer associated with 
AMP resistance such as the increase of membrane fluidity or the negative curvature induced on 
the surface27,36–39. 
Aurein 1.2 interacts with some preference with bilayers composed of anionic over zwitterionic 
lipids. Specifically, mixtures of POPG:POPC vesicles were more vulnerable to the aurein 1.2 
lytic action in comparison with pure POPC vesicles30; and Nuclear Magnetic Resonance (NMR) 
experiments showed a preferential interaction of aurein 1.2 with vesicles formed by mixtures of 
DMPC:DMPG in comparison with pure DMPC24. Likewise, negatively charged DMPG bilayers 
were perturbed to a greater extend by aurein 1.2 than neutral DMPC bilayers as shown by 
differential scanning calorimetry (DSC) experiments40.
Recently, we reported that liposomes derived from the CIDCA133 strain are more resistant 
against the action of three anuran AMP peptides, citropin 1.1, maculatin 1.1 and aurein 1.2 than 
those from the CIDCA331 strain41. The CIDCA133 strain showed a greater minimal inhibitory 
concentration (MIC) and a remarkable cell viability (flow cytometry experiments) compared to 
the CIDCA331 strain,. In addition, the CIDCA133 was significantly inhibited by the three 
peptides in cell culture kinetics studies.41 These observations suggest that the degree of resistance 
of the CIDCA133 strain to AMPs is higher compared to the CIDCA331 strain, both, in entire 
cells and CIDCA derived liposomes. Considering these observations, a plausible explanation for 
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the characteristic AMP-resistance of the CIDCA133 strain may be attributed to the membrane 
composition, and particularly, to a high carbohydrate content and fluidity as a result of a 
significant unsaturated lipid content. In this respect, the main differences between the 
CIDCA133 and CIDCA331 strands in terms of composition are the glycolipid/phospholipid ratio 
(GL/PL=23.33 for CIDCA133 and 3.08 for CIDCA331) and the degree of saturation of the lipid 
tails (%uns of 70.2 and 42.8 respectively)42–44.
Computer simulations are a powerful tool to characterize the mechanisms of interaction of 
AMPs with model membranes, and many studies have been already reported in the 
literature.33,45–48 Previously, we used Molecular Dynamics (MD) simulations at the coarse grain 
level to explore the interactions of aurein 1.2 with eukaryotic21 and prokaryotic31 model 
membranes. These studies were further extended to investigate the nature of transient aurein 
pores in membranes with different GL/PL ratio49.
In the present study, extensive all-atom MD simulations have been performed to assess the 
stability of pre-assembled pores of aurein 1.2 in model membranes of the CIDCA133 and the 




The membrane composition of the models was selected based in experimental data available 
for the CIDCA331 and the CIDCA133 strains.42–44 A summary is presented in Table 1. The 
model membranes were composed of: 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-
glycerol) (POPG) and cardiolipin (CL2) with net charges of -1 and -2, respectively, and dioleoyl-
3-monogalactosyl-sn-glycerol (DOMG) or 1-palmitoyl-2-oleoyl-3-monogalactosyl-sn-glycerol 
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(OPMG) in the C133 and C331 models, respectively. Chemical formulas of these molecules are 
depicted in Figure 1.





C331 384 OPMG (75%) 96 (18.75%) 32 (6.25%)
C133 490 DOMG (96%) 14 (3%) 4 (1%)
Figure 1: Chemical structures of the lipids considered in the compositions of C133 and C331
model membranes: (A) POPG, (B) CL2, (C) DOMG and (D) OPMG.
Pore assembly
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The aurein1.2 structure obtained from NMR experiments20 (code 1VM5) was retrieved from 
the Protein Data Bank50. The ionization states corresponding to neutral pH, the natural form of 
the peptide, were considered for all the amino acids, with the C-terminal amidated and the N-
terminal protonated.
In previous CG simulations, aurein 1.2 formed pores structures composed of 16 peptides on 
average per pore, that had well-defined characteristics such as the disposition of molecules per 
leaflet with a preferential 35° tilt angle with respect to the membrane normal in agreement with 
NMR experimental observations51. It was observed that the amidated termini were oriented 
toward the hydrophobic core of the bilayer whilst the amine termini were oriented toward the 
membrane interphase21,31. Based on this prior computations, two types of pores consisting of 16 
aurein 1.2 molecules were built with at atomistic level with identical characteristics (Figure 2A).
One of the pore structures considered, M, corresponds to a structure where the polar side of the 
peptides faces the pore interior (Figure 2B). In previous simulations, this type of pores self-
assembled to render a structure with hydrophilic residues organized to face a cavity filled with 
water molecules, and the hydrophobic residues facing the lipid tails. An alternative pore 
structure, FW, considered to evaluate the relevance of the orientation, corresponds to a pore 
where all the peptide molecules are translated in the xy plane without involving any rotation (see 
were oriented perpendicular to the bilayer and inserted into the two model membranes 
considered. The initial diameter of the pore structures was 3.0-3.5 nm. The bilayer were 
composed of 512 lipids and the peptide:lipid (P:L) ratio was 1:32, in line with the literature and 
our previous studies21,30,31. In addition, peptides were placed in the aqueous solution at 3 nm far 
from the interphase with a C331 model membrane. This case is referred as the 331S system. Two 
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bilayers without peptides were also considered and referred as N. A summary of the systems 
examined is presented in Table 2. 
Figure 2: (A) Cartoon representation of the distribution of aurein 1.2 peptides in the lipid 
membrane. Initial structural organization of the pore for the (B) M and (C) FW systems. Polar 
and charged peptide surfaces are depicted in green and the non-polar ones are in red.
In what follows, the identification number of the strains and the initial pore conformation 
identifier will be used to denominate each system considered. For example, 331M refers to pore 
type M embedded in a C331 bilayer. 
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The membrane builder module of CHARMM-GUI (http://www.charmm-gui.org/) was 
employed to generate the membranes and insert the pore structures into them using in-house 
scripts. The solvate CHARMM-GUI module was used to achieve a final concentration of 0.1 M 
NaCl. MD simulations were performed with the GROMACS 2018.352–56 software package. 
CHARMM3657 parameters were used for ions, phospholipids, glycolipids and aminoacids, and 
the TIP3P model was used for water molecules.
The Particle Mesh Ewald method (PME)58 was used for the treatment of periodic electrostatic 
interactions with a cut-off distance of 1.2 nm. The Lennard-Jones potential was smoothed over 
the cut-off range of 1.0-1.2 nm by using the force-based switching function. Only atoms in the 
Verlet pairs list with a cut-off range reassigned every 20 steps were considered. The LINCS59
algorithm was used to constrain all bonds involving hydrogen atoms to allow the use of a 2 fs 
time step. The protocol; suggested by Lee et al60 for non-bonded interactions with the 
CHARMM36 forcefield when used in the GROMACS suite was followed.
The systems were equilibrated in six stages with the peptides and lipids restrained using 
different force constants and relaxed progressively until the lipids are let free to move around a 
softly restrained protein backbone. The first 20 ns of the production run were discarded as part of 
the equilibration protocol. Production runs were performed in a NPXYPZT ensemble. The 
temperature was maintained at 310 K with the Nose-Hoover thermostat61,62 using a time constant 
of 1.0 ps. The pressure was maintained at 1 bar with the semi-isotropic Parrinello-Rahman 
barostat63 using a compressibility of 4.5x10-5 bar-1 and a time constant of 1.0 ps in a rectangular 
simulation box. The simulation protocol employed is summarized in Table S2 of the SI.
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Mass density profiles (MDPs) and density maps were calculated with the gmx density and gmx 
densmap tools from the GROMACS package. To quantify the content of peptide, water and 
galactose inside the bilayer, a “hydrophobic region” between -1 and +1 nm from the bilayer 
center was defined, and the MDP density of these regions was calculated. The errors bars were 
obtained by calculating the differential permeation at 0.1 nm outside and inside of the 
hydrophobic region limits. The total number of hydrogen bonds was calculated using the hbonds
VMD plugin, using a distance of 3Å and an angle of 30 degrees to define the hydrogen bond.
TABLE 2. Summary of the systems considered in this study and their composition.
System 
Name System Composition Time (ns)
331N 384 OPMG : 96 POPG : 16 CL2 : 18052 TIP3 : 158 Na+ : 30 Cl- 1000
133N 490 DOMG : 16 POPG : 3 CL2 : 17985 TIP3 : 67 Na+ :45 Cl- 1000
331M 384 OPMG : 96 POPG : 16 CL2 : 46452 TIP3 : 214 Na+ : 102 Cl- : 16 peptides 2300
133M 490 DOMG : 16 POPG : 3 CL2 : 46356 TIP3 : 107 Na+ : 101 Cl- : 16 peptides 2300
331FW 384 OPMG : 96 POPG : 16 CL2 : 18529 TIP3 : 161 Na+ : 49 Cl- : 16 peptides 2300
133FW 490 DOMG : 16 POPG : 3 CL2 : 20097 TIP3 : 58 Na+ : 52 Cl- : 16 peptides 2300
331S 384 OPMG : 96 POPG : 16 CL2 : 46324 TIP3 : 214 Na+ : 102 Cl- : 16 peptides 2400
Total Simulation Time 13600
RESULTS AND DISCUSSION
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The goal of this study was to understand from an atomistic point of view the differential 
susceptibility of the CIDCA133 and CIDCA331 strains to the AMP aurein 1.2. This 
phenomenon was observed experimentally in both, living cells and bacterial-derived liposomes41. 
The higher susceptibility of CIDCA331 to aurein 1.2 was ascribed in part to its membrane 
composition42. Our hypothesis is that if a pore is formed, it will be more stable in a model 
membrane that emulates the CIDCA331 strain rather than one that emulates the CIDCA133 
membrane. To test this hypothesis and to characterize the stability of pre-assembled aurein 1.2 
pore structures embedded in two types of bilayers emulating the CIDCA331 and CIDCA133 
probiotic strains, extensive atomistic MD simulations amounting 13.6 µs were performed were 
performed.
Figure 3: (A) Snapshot of the last frame (2.3 µs) of the 331S system. Polar and charged peptide 
surfaces are depicted in green, and non-polar surfaces are shown in red. Lipids are represented 
with sticks with a ghost surface representation. (B) Mass density profiles of water (dashed line), 
lipids (solid line) and peptides (dotted line) averaged over the last 500 ns of the simulations for 
the 331S system.
Firstly, the 331S system, where the peptides are initially placed in the aqueous solution in the 
vicinity of a model C331 bilayer a 2.4-µs simulation was considered. As expected, pore 
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formation did not realised at this time scale, and instead, the peptides were adsorbed at the water-
lipid interphase (Figure 3A), as already reported in the literature for other peptides28,64 The 
peptide distribution at the water/lipid interphase is shown in Figure 3. According to mathematical 
studies of penetration, the size of the peptide (> 9 residues) and its physicochemical 
characteristics could lead to its insertion in mixture membranes65. Their results indicate that 
peptides preconcentrate on the  surface of intact lipid mixture before jumping across it.
The time evolution of pre-assembled pore structures was followed. It has been found out that 
evolution of the specific properties studied are dependent on the composition of the membrane 
considered rather than the initial organization of the pre-assembled pore. The peptide pores were 
stabilized by hydrogen bonds established between the peptides and peptides with the water 
molecules inside the pores. Glycolipids played an important role by filling the pore fenestrations. 
Those peptide regions are suitable for binding polar galactose moieties, attracting them to the 
inner core of the membrane.
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Figure 4: Proportion of peptides inside the hydrophobic core of the lipid membrane with respect 
to the total number of peptides in the simulation system as a function of the simulation time. The 
red and black traces correspond to the 331M and 133M systems, respectively.
The evolution of the number of peptides in the inner core of the bilayer as function of the time 
for the M systems is shown in Figure 4. The number of peptides that constitute the pore remains 
constant during the simulation in the 331M case which is at odds with the behavior of the 
peptides in the 133M case where the proportion of peptides smoothly decreased during the first 
600 ns of the simulations. In this way, the pore seems to be more stable in the C331 bilayer than 
in the C133 one. This could partially explain the susceptibility of C331 bilayers to the aurein 1.2 
action41. Migration of individual peptides from the pore to the interphase was observed, 
especially in C133 bilayers. Once a peptide moves to the interphase, it stays there for the 
remaining simulation, as reported in similar studies21,27,31. Furthermore, the peptides at the 
surface do not aggregate but instead, they are adsorbed in the bilayer with the polar sidechains 
oriented toward the water phase. Previously, similar aurein 1.2 behavior was reported from 
coarse grain MD simulations studies.21,31
Figure 5: Representative snapshots at 2.2 µs of the (A) 331M and (B) 133M systems. Polar and 
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charged peptide surfaces are depicted in green, and non-polar surfaces are shown in red. Water 
molecules are represented in cyan and the lipid bilayer is not shown for clarity.
The final representative structures of the pores in the simulations with bilayers 133M and 
331M are illustrated in Figure 5. Despite the pore conformation was the same at the start of the 
simulation, the stability of the pore structure depends on the lipid composition; the 331M pore is 
stable in stark contrast with the 133M pore. In the later system, several aurein 1.2 peptides 
moved from the peptide assembly toward the interphase. Peptides in the 331FW and 133FW
systems display generally the same behavior than those in the 331M and 133M systems, 
respectively. Nevertheless, the aurein 1.2 molecules rotated to align their polar faces towards the 
interior of the pore resembling the 331M structure in the case of 331FW. This configuration 
enhanced the interaction with the water molecules inside the pore and stabilized its overall 
structure. In the 133FW case, some of the peptides migrate to the water-membrane interphase, 
like in the 133M case, but they induce a curvature in the bilayer.
Further information about the overall organization of the bilayers was obtained through the 
MDPs. The MDPs of the lipids and water in the 331N and 133N systems are shown in Figure 
6.A. Well defined bilayers characterized by different degrees of thickness are found in the N
systems. The thickness is defined as the distance between peaks in the total lipid density: 3.4±0.1 
nm and 3.0±0.1 nm for 331N and 133N, respectively. These data together with the valley-to-
peak ratio, deeper in the 331N system, reveals a higher degree of organization in the 331N
bilayer in comparison to the 133N system. This observation is expected if we consider the 
presence of glycolipids with a lower degree of tail unsaturation. Likewise, the average lipid area 
was found to be 57.8±0.6 Å2 for the 331N system compared to 64.9±0.7 Å2 for 133N. 
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Figure 6: Mass density profiles for water (dashed line), lipids (solid line) and peptides (dotted 
line) averaged over the last 500 ns of the simulations for (A) N and (B) M systems. Red and 
black traces represent C331 and C133 systems, respectively. Peptide densities are magnified five 
times for clarity.
The water, total lipids and peptides MDPs for the M systems is shown in Figure 6.A. In the 
presence of the pore, there is no significant difference between the thickness of the 331M or 
133M bilayers, 3.1±0.1 and 3.0±0.1 nm respectively. This suggests different organization, in 
particular in the C331 bilayers. The peptide distribution confirms the difference in the pore 
assembly organization within the bilayer. Comparing the distribution of the peptides in each 
bilayer, inside the 331M bilayer, it is more uniform and denser compared to the 113M case 
where more peptides are found at the interphase. In contrast to what it is observed in well-
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organized lipid membranes, the density of water is not negligible in the hydrophobic core regions 
as it was already described in other simulation studies of pore-like structures66. The MDPs of all 
the systems considered are presented in SI (figures S2-S6).
Figure 7: Number of water molecules inside the hydrophobic core of the lipid membrane as a 
function of simulation time. The red and black traces correspond to the 331M and 133M
systems, respectively
The biological activity of these peptide structures relies on the transport of water through them. 
Indeed, water molecules were found inside the bilayer center when peptides were organized 
forming a pore inside the bilayer. Figure 7 shows the evolution of the number of water molecules 
in the inner core of the bilayer as a function of time for the M cases. The amount of water inside 
the pore remains stable for the 331M system but it decreases for the 133M system. The pore 
structure in 331M remains stable and water can easily permeate throw it. In contrast, peptides 
migrated toward the interphase of the bilayer in the 133M case and in parallel, the pore structure 
closes. This tendency was also observed in the 133FW and 331FW systems with some 
peculiarities. For instance, at the beginning of the simulations, some of the peptides oriented 
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their polar regions toward the lipid hydrophobic tails, and as a result, the FW pores are less 
stable than the M ones. A slow spin of the peptides, that first increased the pore diameter with 
the concomitant water access permeation, was observed in 331FW (Figures S6A and S6B). This 
was followed by a pore relaxation resulting in a more organized and stable structure. The number 
of water molecules inside the pore decreases in the 133FW system as illustrated by the snapshots 
of Figure 8. As a result of the peptide organization, the membrane curvature changes, and the 
exact quantification of the number of water molecules is not viable. 
Figure 8: Snapshots of the 133FW system at (A) the beginning of the simulation t=0, (B) t=950 
ns and (C) at the end of the simulation, t=2200 ns. Water is represented in cyan and galactose in 
blue.
In addition to the water flux, galactose headgroups are found inside the bilayer in the pore 
region. The evolution of the number of galactose molecules in the inner core of the bilayer as a 
function of time for the M cases is shown in Figure 9. The 331M system, with a stable pore, 
shows, approximately, four galactose groups inside the hydrophobic region. In the case of 133M, 
the number of sugars in this region increases, reaching a maximum value of ~19.  This value 
decreases in parallel with the decrease of the size of the pore. Similar results were obtained for 
the FW systems, but the membrane ripples make difficult its estimation. The polar faces of the 
peptide structures are responsible for the presence of the galactose moieties in this region. Once 
there, they seem to promote the pore destabilization process by weakening peptide-peptide 
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interactions. Considering that the two membranes have a high percentage of glycolipids, the 
difference in phospholipids may be the key in the differential stability.
Figure 9: Number of galactose units inside the hydrophobic core of the lipid membrane as a 
function of simulation time. The red and black traces correspond to the 331M and 133M systems 
respectively
To further characterize the contribution of galactose to AMP-resistance, the number of 
hydrogen bonds (HB) between galactose and the peptides was analyzed as a function of 
simulation time. Galactose establishes 4±2 and 6±2 hydrogen bonds with the peptides in the 
331M and 331FW systems respectively (Figure 10A). The number remains constant during the 
simulation which can be associated with the degree of pore stability in C331 membranes. In 
contrast, the number of hydrogen bonds when peptides are at the water-membrane interphase is 
higher; for instance, the average is 13±1 in the 331S, system (Figure S9).
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Figure 10: Number of hydrogen bonds (HB) formed between the galactose glycolipid 
headgroups and the peptides in the (A) C331 and (B) C133 membranes. Green and blue traces 
correspond to the M and FW systems respectively.
The HB time evolution for the 133M and 133FW systems is shown in Figure 10B. In both 
cases, the number of interactions increases with time despite starting at similar values. At the end 
of the simulation, at 2.3 µs, values in the range of 9-13 are reached. These results are compatible 
with what it is expected from the pore evolution. In the C331 membrane, the pore remains 
assembled in a stable configuration, whilst in C133 membranes, the number of hydrogen bonds 
increases accounting for the migration of the peptide to the bilayer interphase, with the 
consequent pore narrowing. From the analysis of the interactions between the peptides and the 
lipid headgroups, it was found that aspartic and glutamic residues contribute the most to the 
interactions, followed by serine and phenylalanine (Figure 11). Greater numbers of HB 
interactions are found in the C133 membranes as a result of the migration of the peptides to the 
interphase, and the tendency of the glycolipids headgroups to penetrate the core of the 
membrane.
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Figure 11: Occupancy percentage of peptide residues HB with lipid membrane groups. Each 
amino acid is expressed as one letter code, and there is one different color for the residue of each 
peptide. (A) C331 and (B) C133 systems.
Lipid flip-flops were evaluated by tracking the position of the ether oxygen atom of the 
galactose group for glycolipids and the phosphorous atom of the phosphate group of the 
phospholipids. At least one glycolipid flip-flop event was identified in each simulation, and none 
for phospholipids. The z trajectories of two selected glycolipid ether oxygen atoms undergoing 
flip-flop in opposite directions in the 331FW system are shown in Figure 12A, Snapshots 
illustrating the flip-flop events in this simulation are shown in figures 12B-D. The glycolipids 
involved in the flip-flip event are localized at the bilayer center, with the saccharide groups 
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directly interacting with the peptides, and the tails oriented toward the acyl lipid chains and 
parallel to the plane of the bilayer. 
Figure 12: (A) Trajectories along the z-axis of ether oxygen atoms of the glycolipid headgroups 
of two selected molecules that participate in flip-flop events in the 331FW system. Snapshots of 
the system at (B) 600 ns, (C) 1200 ns and (D) 2400 ns. Water is shown in green, bulk lipid 
headgroups in cyan/red, and peptides in cartoon representation in black 
Phospholipids distribution in the xy plane could play an important role on the differential 
stability of the pore in C311 membranes. The density maps of the glycolipids and phospholipids 
were calculated and the backbone protein density map was used as a reference (Figure 13A). The 
glycolipid density map (Figure 13B) shows a wide homogeneous region (light green) that 
decreases in the vicinity of the pore (yellow and red). The phospholipid density map shows an 
uneven distribution with peptide accumulation at the edge of the pore (Figure 13C). In the C331
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bilayer, the pore is surrounded by anionic phospholipids. Figures S10-S12 of SI show the density 
maps of the other cases.
Figure 13: Density maps for (A) peptide backbones, (B) glycolipids and (C) phospholipids in the 
xy plane of the 331M bilayer. Red represents the absence of molecules
The radial distribution function, g(r), calculated between the phosphorous atoms of the 
phosphate groups of the  phospholipids and the nitrogen atoms of either the side chain of lysine 
or the terminal group of glycine in the 331M and the 331FW systems is shown in Figure 14. A 
well-defined first peak at a ~4Å, characteristic distance of salt bridges interactions, is observed67. 
The interactions between peptides and charged phospholipids that could be partially responsible 
for maintaining the pore architecture were identified as salt bridges between these groups.
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Figure 14: Radial distribution function between the phosphorous of the phospholipids and the 
amine nitrogen of the peptide terminal glycine (in black) and the side chain lysine nitrogen (red). 
Solid and dashed lines are used for M and FW systems, respectively.
CONCLUSIONS
The aim of this work was to explore the mechanism of action of antimicrobial peptides in 
model membranes of two specific probiotic strains. We focused on the stability of the pre-
assembled peptide pores in two model membranes. Considering our previous experimental 
findings and those by others, we expected greater stability in membranes that emulate the 
CIDCA331 strain compared to those in the CIDCA133 one. Our results are consistent with 
experimental reports on whole bacteria (CIDCA strains 331 and 133) and liposomes formed by 
lipids extracted from the aforementioned strains41 In both cases, a greater susceptibility of strain 
331 was observed with respect to the 133 strain against the action of aurein 1.2. In these 
experiments, the minimum inhibitory concentration (MIC) values for the CIDCA133 strain were 
doubled those of the CIDCA331 strain. The CIDCA133 strain was able to grow at sub-MIC 
concentrations (12 μM) of aurein 1.2, while CIDCA331 was significantly inhibited under the 
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same conditions. Equally, the release of carboxyfluorescein of LUV at low concentrations is 
quantitatively higher for CIDCA331 vesicles compared to CIDCA133 ones, and the same was 
observed in GUV with fluorescence microscopy41. Likewise, our own computational CG 
simulation studies on prokaryotic model membranes21,31 provided insigs into self-assembly and 
the formation of peptide pores. In this context, our hypothesis was formulated.
Our results show that the composition of the membrane is a crucial factor for the pore stability. 
The pores remain stables in the model membranes corresponding to CIDCA331. However, some 
peptides migrated to the surface in the simulation of the CIDCA133 system. Our results suggest 
that if a pore is formed by any mechanism, it will be more stable in the CIDCA331 rather than in 
CIDCA133 membranes. The mechanism by which the pore closes may be associated to the 
presence of a high number of glycolipids, present in both strains. The galactose unit has four 
hydroxyl groups, which are potential donor-acceptor of hydrogen atoms to establish specific 
interactions. However, the CIDCA331 strain contains a higher percentage of negatively charged 
lipids (POPG and CL2). These anionic lipids surround the pore shielding it from the glycolipid 
action. Further studies need to explore the transient aurein 1.2 pore lifetime as a function of the 
number of anionic phospholipids. A possible factor to be exploited to enhance or avoid the action 
of AMPs like aurein 1.2 is the presence of glycolipids.
This piece of work provides insight about the molecular host-probiotic interactions. Several 
beneficial effects of probiotic microorganisms have been described in the literature1,68–71. 
However, their mechanisms of action are diverse, heterogeneous, strain specific, and still not 
entirely understood72 . Computer simulation studies, like the ones presented here, help to shed 
light on some of these aspects to maximize their applications in healthcare and food industries.
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The following files are available free of charge.
 More information about CIDCA133/CIDCA331 lipid composition, the equilibration 
protocol, snapshots and mass density profiles of all the systems, number of hydrogen 
bonds (331S system) and density maps (133M, 331FW and 133FW systems) (PDF).
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ABBREVIATIONS
CIDCA 133, Lactobacillus delbrueckii subsp. Lactis;  CIDCA 331, L. delbrueckii subsp. 
Bulgaricus; CL2,  1',3'-bis[1-palmitoyl-2-oleoyl-sn-glycero-3-phospho]-glycerol; CG, Coarse 
Grain; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DMPG, 1,2-dimyristoyl-sn-
glycero-3-phospho-(1'-rac-glycerol); DOMG, 1-palmitoyl-2-oleoyl-3-monogalactosyl-sn-
glycerol; FW, Ferris Wheel; HB, Hydrogen bonds; M, Moon; MDP, mass density profile; MD, 
Molecular Dynamics; N, Neat; OPMG, dioleoyl-3-monogalactosyl-sn-glycerol; PME, particle 
mesh Ewald method; POPG, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol); S, 
Surface.
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